We report the current status of hyperon vector couplings f 1 (0) in fully dynamical lattice QCD. The calculations are carried out with gauge configurations generated by the RBC and UKQCD collaborations with (2+1)-flavors of dynamical domain-wall fermions and the Iwasaki gauge action at two couplings, β = 2.13 and 2.25. Our results show that signs of the second-order corrections of SU(3) breaking on the hyperon vector couplings in Σ − → nlν l and Ξ 0 → Σ + lν l semileptonic decays are negative at simulated pion masses of M π =330-558 MeV. The size of the second-order corrections is comparable to what was observed in lattice calculations of kaon semileptonic decays. We also evaluate the systematic uncertainty on f 1 (0) due to the lattice discretization error.
Introduction
Greater knowledge of the vector form factor f 1 in ∆S = 1 semileptonic hyperon decays paves the way for an alternative determination of the element V us of the Cabibbo-Kobayashi-Maskawa (CKM) matrix in addition to kaon semileptonic (K l3 ) decays, leptonic decays of kaons and pions, and hadronic decays of τ leptons [1] . A stringent test of CKM unitarity through the first row relation |V ud | 2 +|V us | 2 +|V ub | 2 = 1 can be accomplished with the precision of |V us | [1] . A theoretical estimation of the vector coupling f 1 (0), is required to extract V us from the experimental rate of the hyperon beta decays [2, 3] .
In the iso-spin limit (m u = m d ), all ∆S = 1 semileptonic hyperon decays can be classified in four types of decays as Λ → N, Σ → N, Ξ → Λ and Ξ → Σ. Their values of f 1 (0) are known to be equal to the SU(3) Clebsch-Gordan coefficients (see Table 1 ), up to the second-order in SU (3) breaking thanks to the Ademollo-Gatto theorem [4] . As the mass splittings among octet baryons are typically of the order of 10-15%, an expected size of the second-order corrections is a few percent level. However, either the size or the sign of their corrections is somewhat controversial among various theoretical studies [3, 5] . A model independent evaluation of SU(3)-breaking corrections is highly desired.
Recently, we have published the first result for the hyperon vector form factor f 1 for Ξ → Σ and Σ → N semileptonic decays from fully dynamical lattice QCD [5] . Our results show that the signs of the second-order corrections of SU(3) breaking on the hyperon vector couplings f 1 (0) are negative. It is consistent with what was reported in earlier quenched lattice studies [6, 7] and preliminary results from mixed action calculation [8] and dynamical improved Wilson fermion calculations [9] . We however recall that the tendency of the SU(3)-breaking corrections observed in lattice QCD simulations disagrees with prediction of covariant baryon chiral perturbation theory with the extended on-mass-shell (EOMS) renormalization scheme [10] as shown in Table 2 .
In Ref. [5] , lattice calculations are carried out at a single lattice spacing, therefore the systematic error introduced by the lattice discretization was not estimated there. In this paper, we will report new results calculated at the finer lattice spacing and then evaluate the systematic uncertainty due to the finite lattice-spacing artifact. 
Numerical Results
We use the RBC and UKQCD collaboration ensembles, which are generated at two lattice spacings, a = 0.114 fm (coarse) and a = 0.086 fm (fine), with two light degenerate quarks and a single flavor heavier quark and the Iwasaki gauge action [11, 12] . Their lattice sizes, 24 3 Table 3 .
The general form of the baryon matrix element for semileptonic decays B → blν l , is composed of the vector and aixal-vector transitions, 〈b(p ′ )|V α (x) + A α (x)|B(p)〉, which are described by six form factors: the vector ( f 1 ), weak magnetism ( f 2 ), and induced scalar ( f 3 ) form factors for the vector current, and the axial-vector (g 1 ), weak electricity (g 2 ), and induced pseudo-scalar (g 3 ) form factors for the axial current [2] . In this paper, we focus on the vector part of the baryon matrix element:
1) which are here given in the Euclidean metric convention (see Ref. [7] for details). The vector current is defined as V α (x) =ū(x)γ α s(x) for ∆S = 1 decays. For convenience in numerical calculations, instead of the vector form factor f 1 (q 2 ), we consider the so-called scalar form factor
where f 3 represents the second-class form factor, which is identically zero in the exact SU(3) limit [13] . The renormalized value of f S (q 2 ) at q 2 max = −(M B − M b ) 2 < 0 can be precisely evaluated by the double ratio method proposed in Ref. [6] , where all relevant three-point functions are Table 3 : Summary of simulation parameters: the number of gauge configurations, the range, where measurements were made, in molecular-dynamics (MD) time, the number of trajectory separation between each measured configuration, the number of measurements, and source locations on each configuration. The table also lists the pion masses [11, 12] .
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determined at zero three-momentum transfer |q| = 0. For the three-point functions, we use the sequential source method. Details of the construction of the three-point functions from the sequential quark propagator are described in Ref. [14] .
Here we note that the absolute value of the renormalized f S (q 2 max ) is exactly unity in the flavor SU(3) symmetric limit, where f S (q 2 max ) becomes f 1 (0), for the hyperon decays considered here. Thus, the deviation from unity in | f S (q 2 max )| is attributed to three types of the SU(3) breaking effect: (1) the recoil correction (q 2 max ̸ = 0) stemming from the mass difference of B and b states, (2) the presence of the second-class form factor f 3 (q 2 ), and (3) the deviation from unity in the renormalized f 1 (0). Taking the limit of zero four-momentum transfer of f S (q 2 ) can separate the third effect from the others, since the scalar form factor at q 2 = 0, f S (0), is identical to f 1 (0). Indeed, our main target is to measure the third one.
The scalar form factor f S (q 2 ) at q 2 > 0 is also calculable with nonzero three-momentum transfer (|q| ̸ = 0). To avoid unnecessary repetition, we simply give a reference [7] , where all the technical details are available. We use the four lowest nonzero momenta: q = 2π/L × (1, 0, 0), (1, 1, 0), (1, 1, 1), and (2, 0, 0). We then can make the q 2 interpolation of f S (q 2 ) to q 2 = 0 by the values of f S (q 2 ) at q 2 > 0 together with the precisely measured value of f S (q 2 ) at q 2 = q 2 max < 0 from the double ratio. For the q 2 interpolation, the choice of the interpolation form does not affect the interpolated value f S (0) significantly. We simply prefer to use the values obtained from the monopole fit and quote a systematic error due to the q 2 interpolation as a difference between results obtained from the monopole and quadratic forms [5, 7] in the following discussion.
In Fig. 1 , we first show the results off 1 (0) = f 1 (0)/ f 1 (0) SU(3) (filled circles) obtained from the 24 3 ensembles as a function of the pion mass squared for Ξ → Σ (left panel) and Σ → N (right panel). In order to estimatef 1 (0) at the physical point, we perform a global fit of the data onf 1 (0) as multiple functions of
which form is motivated by the Ademollo-Gatto theorem [5] . Here, we remark that our simulations are performed with a strange quark mass slightly heavier than the physical mass. To take into account this slight deviation in this global analysis of the chiral extrapolation, we simply evaluate a correction using the Gell-Mann-Oakes-Renner relation for the pion and kaon masses, which corresponds to the quark mass dependence of pseudo-scalar meson masses at the leading order of ChPT. Dashed and solid curves appeared in Fig. 1 (3) breaking correction observed here disagrees with predictions of the latest baryon chiral perturbation theory result [10] . However, in Ref. [5] , lattice calculations are carried out at a single lattice spacing. The systematic error introduced by the lattice discretization has not yet estimated there.
In this study, we additionally carry out lattice simulations with the 32 3 ensembles, where the lattice spacing is finer than that of the 24 3 ensembles. New data points are included in Fig 2 for checking the scaling behavior. The corresponding pion mass of the new data points is close to the second lightest quark mass in the 24 3 ensembles. Regardless of the fact that the strange quark masses on two ensembles are slightly off each other, we find good scaling behavior in Fig. 2 . The new data points obtained from the 32 3 ensembles are consistent with the dotted curves, which are fit results only on data points of the 24 3 ensembles. It indicates that the systematic error due to the finite lattice spacing is smaller than the statistical error.
Combined with the new data calculated at the finer lattice spacing, we finally quote our results of the renormalized f 1 (0) calculated from fully dynamical lattice QCD as
which the first errors ares statistical, and the second, the third and the fourth ones are estimates of the systematic errors due to our choice of q 2 interpolation, the reliability of the extrapolation to the physical point and the finite lattice-spacing artifact. 
Summary
We have studied the flavor SU(3)-breaking effect on the hyperon vector couplings f 1 (0) for the Ξ 0 → Σ + and Σ − → n semileptonic decays in (2+1)-flavor QCD using domain wall quarks at two lattice spacings. We have observed that the second-order corrections on f 1 (0) are negative for both Σ → N and Ξ → Σ decays at simulated pion masses of M π =330-558 MeV. We estimate the systematic uncertainty due to the lattice discretization error by the observed discrepancy between the results calculated at two lattice spacings. Recall that the systematic error due to the finite size effect was found to be negligibly small in the vector coupling of the beta decay [17] . The observed discrepancy between ours and the baryon ChPT results can not be accounted by the systematic errors in lattice QCD simulations, rather suggests that the baryon ChPT has a serious convergence problem as described in Table 2 .
We plan to increase the reliance on the chiral extrapolation using the 32 3 ensembles at the lighter quark masses (am ud = 0.004 and 0.006), which are closer to the physical point, and also to extend our research to calculate the axial-vector coupling g 1 (0) and also the weak electricity g 2 (0) in hyperon beta decays.
